Determining Protein-Protein Interactions and Proximities
Insights into many cellular processes require detailed information about interactions between the participating proteins. However, the analysis of such interactions can be challenging because of the often diverse physicochemical properties and the abundances of the constituent proteins, as well as the sometimes wide range of affinities and complex dynamics of the interactions. One of the key challenges has been acquiring information concerning transient, low affinity interactions in highly complex cellular milieux (3, 4) .
Methods that allow elucidation of such information include co-localization microscopy (5), fluorescence protein Förster resonance energy transfer (FRET) (4), immunoelectron microscopy (5), yeast two-hybrid (6) , and affinity capture (7, 8) . Among these, affinity capture (AC) has the unique potential to detect all specific in vivo interactions simultaneously, including those that interact both directly and indirectly. In recent times, the efficacy of such affinity isolation experiments has been greatly enhanced through the use of sensitive modern mass spectrometric protein identification techniques (9) .
Nevertheless, AC suffers from several shortcomings. These include the problem of (i) distinguishing specific from non-specific interactors (10, 11) ; (ii) preserving and isolating all unique interactions including those that are weak and/or transient, as well as those that exchange rapidly (10, 12, 13) ; and (iii) differentiating proximal from more distant interactions (14) .
We describe here an approach to address these issues, which makes use of chemical stabilization of protein assemblies in the complex cellular milieu prior to AC. Chemical stabilization is an emerging technique for stabilizing and elucidating protein associations both in vitro (15) (16) (17) (18) (19) (20) and in vivo (3, 12, 14, (21) (22) (23) (24) (25) (26) (27) (28) (29) , with mass spectrometric (MS) readout of the AC proteins and their connectivities. Such chemical stabilization methods are indeed well-established and are often used in electron microscopy for preserving complexes and subcellular structures both in the cellular milieu (3) and in purified complexes (30, 31) , wherein the most reliable, stable, and established stabilization reagents is glutaraldehyde.
Recently, glutaraldehyde has been applied in the "GraFix" protocol in which purified protein complexes are subjected to centrifugation through a density gradient that also contains a gradient of glutaraldehyde (30, 31) , allowing for optimal stabilization of authentic complexes and minimization of non-specific associations and aggregation. GraFix has also been combined with mass spectrometry on purified complexes bound to EM grids to obtain a compositional analysis of the complexes (32) , thereby raising the possibility that glutaraldehyde can be successfully utilized in conjunction with AC in complex cellular milieux directly.
In this work, we present a robust pipeline for determining specific protein-protein interactions and proximities from cellular milieux. For the first time, we brought together a number of well-established techniques such as flash freezing in liquid nitrogen and cryomilling, which have been known for over a decade (33, 34) to preserve the cellular environment, as well as having shown outstanding performance when used in analysis of macromolecular interaction in yeast (35) (36) (37) (38) (39) , bacterial (40, 41) , trypanosome (42) , mouse (43) and human (44) (45) (46) (47) systems. The resulting frozen powder, composed of intact sub-micron chunks of cells have great surface area and outstanding solvent accessibility, which makes them suitable for the rapid low temperature chemical stabilization. We selected glutaraldehyde for our procedure based on the fact that it is a very reactive stabilizing reagent, even at lower temperatures, and because it has already been shown to stabilize enzymes in their functional state (48) (49) (50) . We employed highly efficient, rapid, single stage affinity capture (36, 51) for isolation and bottom-up MS for analysis of the macromolecular assemblies of interest (52) (53) (54) . For convenience, we have termed this approach Stabilized Affinity-Capture Mass Spectrometry (SAC-MS). Electron.
EXPERIMENTAL PROCEDURES

Reagents and Equipment
Yeast Strains -Described in the supplementary table (Table S8) Yeast Culture -The yeast culture was prepared according to the protocol described in (36) . All yeast strains were harvested in the mid-log phase (2-3×10 7 cells/mL) by centrifugation. The cell pellet was immediately flash-frozen in liquid nitrogen and stored at -80 C. Flash-frozen yeast cell pellets were subjected to mechanical cell disruption in the planetary ball mill in 3-minute cycles at the liquid nitrogen temperature. Cycles were repeated until complete cell wall disruption was achieved as assessed by light microscopy after each grinding cycle. Glutaraldehyde Stabilization -Glutaraldehyde can undergo rapid aldol condensation at room temperature when exposed to pH 7-8 (55) . To minimize the effect of proteins being modified by oligomeric glutaraldehyde in the stabilization experiments, we stored the stabilizing reagent frozen and added it to the extraction buffer just before addition to the frozen yeast powder. The concentration of glutaraldehyde was optimized by monitoring the efficiency of affinity capture of the bait protein in association with its interactors (see, e.g., Fig. S3 ).
Antibody Conjugation to Magnetic Dynabeads
Trypsin Proteolysis -Disulfide bonds in the denatured, affinity-isolated proteins were reduced by treatment with 20mM DTT at 60 C for 1h. Free cysteinyl residues were alkylated for 40 min at room temperature and in the dark with freshly prepared 50mM iodoacetamide. Proteins were separated from detergents and other small molecules by methanol-chloroform precipitation (56) . An aliquot of 20µl of 8M urea solution in 100mM Tris pH 8 was added to the protein pellet, and the solution was subjected to an ultrasonic bath for 5 min. The solution obtained was diluted with 140µl of 25mM ammonium bicarbonate.
An aliquot containing 100ng of trypsin was added to each sample, and the solution was incubated at 37 C overnight. Peptide mixture was desalted using a C18 Stage tip (57) .
LC-MS -Liquid chromatography was performed using an Ultimate HPLC equipped with a FAMOS auto sampler. The system consisted of a trap column-5mm (L) × 0.3mm (ID), 10µm particle size, PepMap C18-resin (LC Packings)-and an in-house packed PicoFrit column-13cm (L) × 75µm (ID), 3µm particle size, C18
Reprosil Pur C18-AQ (Dr. Maisch GmbH). The system was operated with a measured flow rate of 200nl/min and the column eluate was electrosprayed at 1.8 kV into the heated ion transfer capillary (275 C) of the mass spectrometer (ESI/ETD-LTQ XL-Orbitrap, Thermo). Peptide mixtures were separated using a linear 1-hour acetonitrile gradient. Solvent A consisted of 5%v acetonitrile and 0.1%v formic acid in water, and solvent B of 5%v water and 0.1%v formic acid in acetonitrile. Eluted peptides were MS analyzed using either a method for fragmentation of the ten most abundant ions measured from an MS1 scan (top 10) or using an MS1-only method. Precursor masses were measured on the Orbitrap analyzer at a resolution of 60,000. MS/MS experiments were performed with CID activation, and fragment ions were analyzed in the linear ion trap analyzer. For label-free quantification, each sample was subjected to five LC-MS runs (two using the top-10 method for peptide identification and three with MS1-only method for more accurate intensity-based label-free quantification). We selected a 3-minute window of retention time to match peaks between chromatographic runs. Protein identifications were performed using both X!Tandem (version SLEDGEHAMER) and MaxQuant (version 1.4.1.2)(58) against the Saccharomyces cerevisiae database, whereas label-free quantification was performed using the MaxQuant software.
[Refer to the Supplementary Material section for more experimental details.] The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium (59) via the PRIDE partner repository with the dataset identifier PXD001262
RESULTS
We present here the SAC-MS methodology as a means to preserve protein-protein interactions in complex cellular environments. Our approach utilizes a combination of mild glutaraldehyde treatment, optimized affinity capture, and bottom-up MS analyses of the isolated proteins. A salient and crucial feature of our procedure, which sets it apart from many other crosslinking-MS approaches, is the use of sub-stoichiometric amounts of glutaraldehyde with respect to the number of reactive lysine side chains and terminal amino groups. This low molar ratio is optimized for stabilization of native interactions, efficient affinity isolation, and minimal interference with MS readout. Although glutaraldehyde has been widely used for stabilization purposes in electron and optical microscopy (5, 30, 32, 60, 61), it has been seldom used with MS in the cellular context, and in these cases, it has been used largely for visualization of low molecular mass metabolites (62) . Indeed, in the MS context, glutaraldehyde has often been considered detrimental (63) . Our present approach differs from much of the prior works that used MS as a readout tool for protein interactions in complex cellular milieus in that we do not use denaturing conditions to isolate the stabilized assemblies, and we make no attempt to isolate and identify the crosslinked peptides themselves (16, 18, 27) . Thus, while our strategy does not provide classical amino acid-toamino acid crosslinking information, it does provide protein association and proximity information for stable, weak, and even transient interactions within the cellular milieu.
Experimental Approach - Figure 1 illustrates the workflow of our SAC-MS pipeline for targeted protein interaction and proximity analysis. The protein of interest is tagged at its endogenous locus within the genome. After preparing the tagged cell strains under states in which we wish to determine the interactions of the targeted protein, these states are literally "frozen in place" by rapidly plunging these cells into liquid nitrogen. These cells are then subjected to cryomilling at the temperature of liquid nitrogen (10, 36, 51) when the cellular material is rendered brittle. Most importantly, the resulting submicron frozen pieces represent largely intact cell fragments, where local interactions are largely maintained. Working with the resulting frozen grindates has three advantages. The first is that biological material obtained under a range of conditions over an extended period of time can be stored stably at low temperature until needed (35, 36, 51) . The second is that the stabilizing reagent glutaraldehyde can be introduced directly to the frozen grindate, ensuring that this highly toxic reagent may rapidly stabilize the macromolecular assemblies of interest without the perturbing physiological effects that it induces in live cells (64) . The third advantage is that, during thawing, diffusion of the stabilizing reagent to the targeted intact endogenous subcellular assemblies is rapid, thereby providing fast stabilization.
We chose glutaraldehyde as a stabilizing reagent because it is highly reactive, even at low temperatures, thus minimizing the dissociation of the assemblies prior to their stabilization. It has been
shown that the stabilizing effect of glutaraldehyde depends strongly on its concentration and the protein concentration (30) . In general, as we increase the molar ratio of glutaraldehyde-to-lysyl residues in the cell grindate, the level of lysine modification increases. Although increased levels of modification normally result in increased degrees of stabilization, such modifications may compromise the efficiency of the affinity isolation step. Consequently, we optimized the molar ratio to obtain the desired level of stabilization while maintaining an efficient affinity isolation. In the cases shown below, this molar ratio was selected to be approximately 1:5 between glutaraldehyde and lysine residues in the protein complex samples.
The protein assemblies of interest are affinity-isolated from identical aliquots of frozen grindate after thawing in the non-denaturing extraction buffer in both the presence and the absence of glutaraldehyde,
which allows us to specifically analyze the effects of the stabilizing reagent. This enables identification and quantitation of both proximal and distant interactors as well as those that are transient and/or weak (see below). Protein identification was performed after proteolysis of the affinity-isolated complexes followed
by LC-MS analysis of the resulting proteolytic mixture (9) . Finally, the resulting data are incorporated into structural and functional models that describe the system under study.
The experimental design for the SAC-MS pipeline is flexible and can be adjusted to address specific questions concerning particular macromolecular assemblies of interest. Here, we explore the functionality of our approach through a series of illustrative examples. proteins-Nup120, Nup85, Nup145c, Nup133, Seh1, and Sec13-to form a stable heptameric assembly (570kDa), the so-called Nup84 complex (65, 66) . Sixteen copies of this Nup84 complex form the outer rings of the NPC (67).
For affinity isolation of the Nup84 complex, we selected conditions that were slightly harsher than those previously reported by our group (35) , so that the most labile component, Nup133, was significantly dissociated from the complex during isolation. These conditions were chosen to allow us to assess whether glutaraldehyde treatment enhances the stabilization of this labile subunit. We employed MS protein coverage as a means of evaluating such stabilization, where coverage was defined as the proportion of the protein observed in our LC-MS analyses. Tables S1 through S4 ).
The results summarized in Figure 2 yielded four major findings. First, the coverage of protein A-tagged Nup84, the bait protein, was essentially unchanged with and without glutaraldehyde treatment, demonstrating that treatment at these levels did not significantly compromise the affinity capture and the MS analysis steps. This observation is noteworthy because treatments with aldehyde reagents have previously been observed to adversely affect both the efficiency of affinity isolation (69) and the quality of MS readouts (70, 71) . Second, MS coverage of the most labile component, Nup133, increased significantly (more than 3-fold) in the presence of glutaraldehyde when compared to the other six components of the Nup84 complex, which differ by an average of only 1.12  0.12. Third, upon this gentle glutaraldehyde treatment, we observed significant yields of 21 additional nucleoporins beyond the seven components of the Nup84 complex, demonstrating extensive stabilization of specifically interacting proteins at a distance. Finally, we observe several additional proteins that are known to interact dynamically or transiently with the NPC complex, including nucleocytoplasmic transporters (Kap95, Kap60, and Mex67) (72, 73) and the mobile NPC-associated factor, Nup2 (74).
One major question is the extent to which we observe a change in non-specific associations in the affinity-capture experiments performed in the absence and presence of glutaraldehyde. Table S1 and S2 compare the proteins identified in the absence and presence of glutaraldehyde, respectively, otherwise isolated under identical conditions. Using a high confidence expectation cutoff of 10 -20 , in the absence of glutaraldehyde, we observed the expected seven members of the Nup84 complex plus a small but significant contribution from the integral membrane nucleoporin Pom152, as well as nine other proteins not known to be associated with the NPC. It is noteworthy that all of these non-NPC proteins have abundances that are between 10-fold to more than 100-fold higher than the NPC components (67) (Tables   S1 and S2) . Thus, using a filter that eliminates proteins with abundances >10-fold larger than the NPC components, we are left with just the 8 nucleoporins (Table S3) . Applying the same criteria to the glutaraldehyde-treated affinity-captured material yielded 28 nucleoporins, 4 known transient or mobile NPC interactors, as well as 3 other proteins (Table S4) . Two of these three have chaperone activities (Sgt2 and Tcp1) (75) (76) (77) (78) while the other (Spt5) (79) is a nuclear protein with no known association with the NPC.
Thus, these proteins must be categorized as either contaminants or associations that have not been previously described. In either case, the enhancement of specific interactions using glutaraldehyde stabilization was profound. We conclude that such stabilization can enhance distant specific interactions, both stable and transient.
Deciphering Protein-Protein Connectivity within Complexes in the Cellular Milieu: Connectivity of the
Six-Subunit MCM Replication Helicase -Next, we investigated whether SAC-MS can provide detailed information about the connectivity of subunits within a protein assembly. For this purpose, we chose to investigate the MCM replication helicase from S. cerevisiae (80) , a member of a well conserved sub-class of eukaryotic hetero-hexameric AAA ATPases (81) . Since the six proteins making up the MCM complex are known to form a doughnut shaped assembly with a central hole (82, 83) , each protein can be connected to a maximum of only two other specific subunits, providing a convenient test bed for the ability of SAC-MS to determine this connectivity. Because SAC-MS on a stable complex (e.g., MCM) is simply likely to enhance the interaction with other more distant interactors, as shown in Figure 2 , we reasoned that it would be necessary to destabilize the complex partially in order to observe details of the local interaction, as illustrated schematically in Figure 3A . Thus, we chose isolation conditions, which in the absence of chemical stabilization, were sufficiently stringent to isolate mainly the tagged MCM protein alone ( Figure   3A , bottom left). However, under the same stringency, but after glutaraldehyde stabilization, we reasoned that subunits proximal to the tagged protein might be observed with increased probability ( Figure 3A , bottom right).
We performed these experiments using six different strains of yeast containing respectively sufficiently stringent so as to dissociate the complex considerably, but still mild enough so as to be nondenaturing (Supplementary Methods), leading to the isolation of the tagged protein as the dominant species at much higher levels than the other subunits in each case (Table S5 ; and illustrated schematically in Figure 3A , left column). Under these same affinity-capture conditions, but in the presence of glutaraldehyde, we observed a significant increase in MS signals for some of the untagged MCM subunits, as depicted in Figure 3B , and by the quantitative experimental results provided in Figure 3C . Although each subunit did not respond equally to stabilization, the experimentally observed enhancements provided sufficient information to unambiguously assign the connectivity between the six MCM subunits (Tables S5 through S7 , and Supplementary Methods). The set of connectivities determined using this approach ( Figure 3D ) agrees with the partially elucidated set previously obtained via affinity isolation of overexpressed MCM subunits after crosslinking with DSP in crude D. melanogaster embryo extract (84), the in-vitro pairwise association experiments of S. cerevisiae MCM subunits (85) , and most recently, with the set obtained by negative stain electron microscopy of D. melanogaster MCM subunits overexpressed in baculovirus (82) . This leads us to conclude that SAC-MS can provide reliable connectivity information from endogenous complexes stabilized in their cellular environment.
Exploring Labile Protein Interactions within the Cellular Milieu: Interactions of Non-chromatin Bound
MCM Subunits -In our SAC-MS study of Nup84 described above, we identified both proximal and distant interactors within the nuclear pore complex (NPC). In addition to these stably interacting components, SAC-MS permitted us to identify transport factors transiently associated with the NPC. Here, we further explored how we might exploit this ability to identify interactions that are transient or unstable enough as to preclude their identification by our usual affinity capture experiments. Specifically, we identified SAC-MS-enhanced proteins with each of the six MCM subunits in the non-chromatin bound MCM fraction.
We chose to investigate this fraction because it is much less studied than MCM complexes attached to the DNA-associated replication machinery (80, 83 (Supplementary Tables S9 through S20) . As in our analysis of Nup84 interactors above, we assumed that false positive interactors would largely arise from non-specific interactions of abundant proteins. An important question arises as to whether our treatment with glutaraldehyde increases such non-specific background (30) . To answer this question, we compared the integrated MS response of peptides from identified proteins that were affinity-isolated with the six MCM subunits with and without glutaraldehyde treatment as a function of protein abundance (Figure 4 ). We expected that the non-specific components would be highly represented by the most abundant proteins and indeed that was where we detected the highest MS response. Significantly, we did not observe any increase in the MS response for the glutaraldehyde-treated sample compared to the non-treated one. Conversely, in the low abundance portion of the plot, where we would expect to observe a high percentage of specific interactions, we did in fact observe an increase in the integrated MS response for the six glutaraldehyde-treated samples. We conclude that SAC-MS experiments can be performed under conditions that do not significantly increase the non-specific background. Thus, here too we chose to discriminate against false positives arising from abundant proteins by setting an abundance threshold at CAI ≤ 0.30 (i.e., copy number ≤ 25,000, arbitrarily chosen to be 10-fold higher than copy numbers for the MCM subunits). This strategy allowed us to identify nine putative interactors with the non-chromatin-bound MCM fraction. Interestingly, none of these has been previously observed to interact with the MCM subunits. In particular, we observe interaction with four members of the GID complex, an assembly of up to seven proteins that has been associated with polyubiquitination of enzymes involved in gluconeogenesis (87, 88) .
To test the hypothesis that these previously unobserved interactions with members of the GID complex occur in vivo, we looked for the reciprocal interactions by tagging three of these-i.e., Vid30 and Vid24
( Figure 5 ) and Gid7 (87, 88) . All three of these reciprocal affinity-capture experiments identified Mcm7, confirming the hypothesis. And while we did not identify other members of the MCM complex in these experiments (according to Figure 5 ), we did observe all 9 known members of the GID complex in each affinity-capture experiment, as well as a putative 10 th member (Ydl176w) (89) , indicating that the GID complex itself was relatively stable under the conditions used. These experiments confirm the previously undescribed in vivo interaction of Mcm7 with the GID complex, showing that SAC-MS can provide a useful means for the identification of interactions that are not readily observed under typical affinity capture conditions.
DISCUSSION
We have described a pipeline for the elucidation of local, distal and transient protein interactions within the complex cellular milieux. Each step of the pipeline was tuned to achieve specific goals ( Figure   1 ). For example, we utilized genomic tags in the experiments described here, which can be readily introduced into budding yeast via homologous recombination. The advantages of their use include the ability to produce native levels of the tagged protein and the use of a single, high-affinity bait.
Alternatively, for organisms where genomic tagging is not feasible, tagged proteins on plasmids could be introduced, or alternatively, antibodies, when available, could be employed for affinity capture. informative, we found it necessary to tune the buffer mixtures used for protein extraction and affinity capture. As illustrated by the cartoon shown in Figure 3A , we make these conditions increasingly more destabilizing as we focus on more local interactions. It is important to note that the present chemical stabilization treatment does not significantly decrease the affinity-capture efficiency, presumably because the glutaraldehyde-to-lysine (and terminal amines) molar ratio is low (1:5), and because buffer conditions are never so stringent as to denature the protein subunits. This high efficiency has important implications for the sensitivity of SAC-MS and makes it straightforward to compare affinity capture with and without chemical stabilization. In the future, this highly efficient, stabilized affinity-capture should also allow us to treat the isolated complexes with a second crosslinking reagent such as DSS in order to obtain conventional residue-to-residue crosslinking (16, 18, 20) information from endogenous complexes that normally dissociate during isolation (90) .
Let us speculate as to what likely happens within a complex cellular milieu upon treatment with glutaraldehyde. Some fraction of the reacted glutaraldehyde moieties will link amines together within the milieu. By geometric and entropic considerations, the majority of these linkages will be intramolecular, with a smaller fraction being intermolecular. We hypothesize that the probability of crosslinking even directly interacting partners will be <<1. This is precisely what we observe by direct experimental determination through gel-shift experiments visualized by Western blot against the bait protein Nup84-PrA (Fig. S2 ). The probability of crosslinking both directly interacting proteins together with more distant components will be much lower still, and again this is what we observe by experiment (Fig. S2) . The results
show that >90% of the Nup84 remains non-crosslinked, while just a few percent in total are crosslinked to the proximal subunits Nup133 and Nup145C. The amount of more distally crosslinked components is too low to be seen on the Western blot. Formation of intramolecular crosslinks within subunits of a complex can increase the conformation rigidity of the subunits (91, 92) , thereby contributing to the stabilization of the overall complex. Intermolecular crosslinks will also stabilize the complex. When the ratio of the chemical stabilization reagent to reactive groups is low, as in our case, we expect and observe low yields of inter-subunit crosslinks. Since we observe significant stabilization of the complexes that we investigated, we infer that one of the major components of the stabilization is the result of intramolecular conformational rigidification. It should be noted that the low stoichiometries that we use in our SAC-MS experiments are not normally used by other workers (21) (22) (23) . Rather, sufficiently large amounts of crosslinking reagent (typically 100 -1000 fold higher than in the present case) are generally used to ensure efficient covalent linkage between the subunits of interest, so that these associated subunits can remain together under the highly denaturing conditions used in these experiments. In addition, typically the temperatures used are higher (25-37°C versus <4°C in the present case) and the reaction times are longer (30 min versus <5 min in the present case).
Of great importance is our observation that the mild glutaraldehyde treatment used for SAC-MS does not adversely affect the efficiency of the affinity-capture step. Thus, the sensitivity of the method is comparable with that of standard affinity-capture with MS readout. Because most of the affinity-captured complexes discussed here contain <200 putative associated proteins, conventional LC-MS can be readily applied for this analysis. Often, many of these detected proteins represent non-specific associations of abundant cellular proteins (93) . Here, we chose to use a simple abundance criterion to filter these out.
We opted for this strategy because it effectively removes the majority of false positives, albeit at the expense of removing the occasional true positive. Although prior work using large amounts of crosslinking reagent can significantly increase the non-specific background in chemically stabilized affinity-capture experiments (21, 22) , we have shown that our low stoichiometry treatment is advantageous in that it stabilizes complexes without significantly increasing this background ( Figure 5 ). In the future, we plan to use our I-DIRT technique (10) or objectively differentiating specific from non-specific interactors to further assess possible contributions to the background by glutaraldehyde stabilization. In addition we plan to use I-DIRT in combination with SAC-MS to explore the utility of the method for capturing authentic transient and/or rapidly exchanging interactors.
Finally, as we add more and more tags and carry out SAC-MS experiments with each tagged protein, the interactomic datasets become increasingly large and multi-dimensional. We used a hierarchical clustering approach to sort this data, wherein we grouped proteins according to similarity in biochemical behavior. This allows us to extract interaction information within complex cellular milieux. In the future, we envisage extending this approach beyond that which is demonstrated here for the MCM complex subunits, by tagging judiciously chosen proteins and extending the SAC-MS analyses step-by-step across portions of a cell. For example, we determined that members of the GID complex interact with Mcm7. By tuning the affinity-capture conditions appropriately and using genomically tagged GID components, we can obtain detailed information about local connectivity within the GID complex, much as we did for the MCM complex, and determine unambiguously which GID subunit interacts with Mcm7. In addition, information about GID interactors could be obtained in a subunit-specific manner, as we did for the MCM complex, which could serve as the basis for further expanding the reach of the SAC-MS analyses and thus form the basis of a rudimentary "molecular microscope" (94 Figure 1) . The bars provide the percentage sequence coverage of affinity-isolated protein interactors in the absence (dark) and presence (light) of glutaraldehyde stabilization. For the same experiments comparable results were obtained when the amounts of affinity captured proteins were estimated by spectral counting (Fig. S1) . Peptide MS intensities for each type of experiment were binned together according to the abundance of the corresponding protein (MS intensities for the tagged MCM subunits were excluded). The protein abundances were estimated using codon adaptation indexes (CAI) (2) . The results indicate that glutaraldehyde treatment provides stabilization of the specific interactors without a significant increase of highly abundant, nonspecific background. 
